We examined interactions in a soluble tapasin (TPN)/HLA-B*0801 complex to gain mechanistic insights into the functions of TPN. Results show that TPN acts as a chaperone by increasing the ratio of active-to-inactive peptidedeficient HLA-B*0801 molecules in solution. TPN causes peptides to associate and dissociate faster owing to its effect on widening the binding groove of HLA-B*0801 molecules. Our data indicate that a TPN-assisted mechanism of peptide selection relies on disruption of conserved hydrogen bonds at the C-terminal end of the groove. Peptide sequence-dependent interactions along the entire length of the groove also play a role in this mechanism. We suggest that TPN influences presentation of antigenic peptides according to a mechanistically complicated process in which bound candidate peptides that are unable to conformationally disengage TPN from class I molecules are excluded from the repertoire. Overall, these studies unify our understanding of the functions of TPN.
Introduction
The cell-surface presentation of antigenic peptides by class I major histocompatibility (MHC) molecules is the culmination of a complex series of events that take place in the endoplasmic reticulum (ER) and involve specialized proteins: calnexin, calreticulin, tapasin (TPN), ERp57, and the transporter associated with antigen processing (TAP). The recognition of class I/peptide molecules by CD8 þ TCRs is important for controlling pathological states such as viral infection and tumor progression.
Evidence have been provided that TPN enhances the ability of TAP to transport peptides into the ER (Lehner et al, 1998) . It was also suggested that TPN stabilizes the peptide-deficient, open form of class I molecules (Ortmann et al, 1997; Schoenhals et al, 1999; Barnden et al, 2000) . Other experiments suggested that TPN edits the peptide repertoire in favor of high-affinity binders (Barnden et al, 2000; Garbi et al, 2000; Barber et al, 2001; Williams et al, 2002) . This function was attributed to TPN based on findings that class I/peptide molecules expressed on the surface of TPN-deficient cells were less stable than those expressed on the surface of normal cells. However, an analysis of peptides eluted from class I molecules on normal and TPN-deficient cells indicated that no correlation could be established between the decreased stability of class I/peptide molecules in TPN-deficient cells and the binding of low-affinity peptides (Zarling et al, 2003) . Instead, the authors suggested that the apparent ability of TPN to stabilize conformationally immature class I molecules in the ER broadens the repertoire of bound peptides in terms of both its complexity and binding affinities (Zarling et al, 2003) . More recently, a key role for TPN in shaping the cell-surface presentation of peptides according to their intrinsic half-lives has also been demonstrated (Howarth et al, 2004) . At present, although it is uncontested that TPN plays a vital role in the class I antigen presentation pathway, a unifying understanding of the function of TPN is lacking.
Previous kinetics studies of class I/peptide molecules carried out in the absence of TPN have contributed greatly in elucidating mechanistic pathways for the assembly/disassembly of these molecules (Springer et al, 1998; Gakamsky et al, 2000; Binz et al, 2003) . Here, we carried out a rigorous molecular analysis of interactions in a recombinant, soluble TPN/class I complex to develop a mechanistic understanding of the functions of TPN. For this, HLA-B*0801 was selected, as this allele was shown to be dependent on TPN for normal cell-surface expression (Peh et al, 1998) . Moreover, a large number of antigenic peptides restricted to HLA-B*8 have been reported (Burrows et al, 1992; DiBrino et al, 1994) , allowing to establish an interesting pool of peptides for our studies. We used a strategy in which the ER-lumenal domains of TPN and HLA-B*0801 heavy chain were fused at their C-termini to Jun and Fos leucine peptides, respectively. Based on our results, we propose that in the class I assembly complex, TPN stabilizes the open forms of peptide-deficient and peptide-filled class I molecules, thereby providing an energy barrier that bound candidate peptides must overcome in order to induce maturing conformational changes in the class I binding groove.
Results

Weak interaction between the ER-lumenal domains of TPN and HLA-B*0801 molecules
Interaction between recombinant, soluble forms of TPN and HLA-B*0801 molecules was monitored by native gel ( Figure 1A ). Results show that incubation of TPN with peptide-filled (loaded with the FLRGRAYGL peptide from Epstein-Barr virus; Burrows et al, 1992) and peptide-deficient HLA-B*0801 molecules (1:1 molar ratio) failed to produce new bands (lanes 4 and 5, respectively) that migrated distinctively from the uncomplexed proteins (lanes 1-3). Analytical ultracentrifugation and gel filtration chromatography similarly failed to detect interaction between soluble TPN and peptide-filled and peptide-deficient HLA-B*0801 molecules (data not shown). We also examined by fluorescence anisotropy the effect of soluble TPN on dissociation of the short-lived EIYK*RWIIL peptide, derived from HIV-1 (DiBrino et al, 1994) , from HLA-B*0801 ( Figure 1B ). The decay curve for the mixture of soluble TPN and HLA-B*0801/EIYK*RWIIL is essentially identical to that of HLA-B*0801/EIYK*RWIIL alone. Together, these results suggest weak interaction between the ER-lumenal domains of TPN and class I molecules, a conclusion consistent with the transient nature of the class I assembly complex in the ER. To circumvent the problem of weak protein-protein interaction, we used a strategy in which Jun and Fos leucine peptides are fused at the C-terminus of TPN and HLA-B*0801 heavy chain. A similar tethering of soluble HLA-DM and class II molecules led to a functional complex .
Characterization of TPNjun and HLA-B*0801fos molecules
The ER-lumenal domain (residues 1-392) of TPN (Figure 2A ), extended at its C-terminus with a short linker, thrombin site, Jun peptide, and (His) 6 sequence, was engineered as described in Materials and methods (hereafter referred to as TPNjun). The GGSGG linker was inserted to increase rotational freedom, the thrombin site to permit release of the protein, and the (His) 6 sequence to facilitate purification. TPNjun was purified ( Figure 2B , lanes 1-7) to moderate yields (B0.5 mg/l culture) (Chen et al, 2002) . Purified TPNjun eluted from the gel filtration column ( Figure 2C ) as a single peak with no sign of aggregates. Note that TPNjun migrated slightly faster than expected based on its molecular weight (50 kDa); this may be explained by the weak tendency of Jun to homodimerize in solution (O'Shea et al, 1989) . This behavior may also account for the smear produced by TPNjun on native gel ( Figure 2D , lane 1). Importantly, note that soluble TPN migrates as a series of closely spaced bands on native gel (lane C; see also Figure 1 , lane 1).
The ER-lumenal domain (residues 1-275) of HLA-B*0801 heavy chain ( Figure 3A ), extended at its C-terminus with a linker, thrombin site, and Fos peptide, was engineered as described in Materials and methods. The HLA-B*0801fos heavy chain was expressed as inclusion bodies ( Figure 3B ), which were purified as described previously (Bouvier and Wiley, 1998) . HLA-B*0801fos heavy chain was refolded in the presence of b 2 m and a synthetic peptide (see Materials and methods). Analysis of an aliquot of purified peptide-filled HLA-B*0801fos molecules by gel filtration chromatography ( Figure 3C ) revealed a major peak with no sign of aggregates. Note that peptide-filled HLA-B*0801fos molecules eluted from the gel filtration column with a slightly larger size than expected based on its molecular weight (50 kDa). Here again, the very weak tendency of the Fos peptide to homodimerize (O'Shea et al, 1989) may account for this behavior. Peptide-deficient HLA-B*0801fos molecules were generated from the chemical denaturation of peptide-filled molecules as described previously (Bouvier and Wiley, 1998) . The activity of peptide-deficient molecules varied between 10 and 60% (see Materials and methods).
Formation of the TPNjun/HLA-B*0801fos complex
The zippering of TPNjun and HLA-B*0801fos molecules was monitored by native gel electrophoresis (Figure 4 ). TPNjun ) loaded with EIYK*RWIIL (J) was added under stirring to a 1-cm cuvette containing 1000-fold molar excess of the nontagged peptide and 100-fold molar excess of b 2 m in 20 mM Hepes and 150 mM NaCl (pH 7.5). Peptide dissociation was monitored at 201C (excitation and emission wavelengths were 495 and 524 nm, respectively). The experiment was repeated in the presence of TPN (400 nM) (K), which was pre-mixed in the buffer before adding HLA-B*0801. Data points were collected for 60 h. 
Influence of TPNjun on peptide dissociation kinetics
The effect of TPNjun on the kinetics of peptide dissociation from HLA-B*0801fos molecules was monitored by fluorescence anisotropy ( Figure 5 ). The decay curve of the shortlived EIYK*RWIIL peptide obtained in the absence of TPNjun ( Figure 5A ) is best described by two phases (Table I) : a fast phase (7% of the reaction) with a dissociation half-life, t 1 , of 2.4 h, and a slower phase with t 2 ¼109 h (93% of the reaction). In the presence of TPNjun (Figure 5A ), the anisotropy profile is considerably steeper and best described by a monophasic behavior with t ¼ 1.4 h ( Table I ). These results indicate that (1) leucine peptides play an important role in mediating a functional interaction between the ER-lumenal domains of TPN and HLA-B*0801, (2) TPNjun converted the biphasic nature of the dissociation reaction to a monophasic dissociation pattern. This implies that TPNjun altered the dissociation pathway of EIYK*RWIIL (see Discussion), and (3) TPNjun accelerated the release of EIYK*RWIIL by 78-fold (Table I) .
These studies were extended by examining the effect of TPNjun on the dissociation rates of two peptides with higher intrinsic kinetics stabilities: the ELRSRK*WAI peptide, derived from the nucleoprotein of influenza A (DiBrino et al, 1994) , and FLRGRK*YGL. The anisotropy decay profiles obtained in the absence of TPNjun (Figures 5B and C, respectively) were best fitted to two phases (Table I) : for ELRSRK*WAI, a fast phase with t 1 ¼ 3.2 h (3% of the reaction) and a slower phase with t 2 ¼ 3210 h (97% of the reaction); and for FLRGRK*YGL, a fast phase with t 1 ¼19.3 h (7% of the reaction) and a slower phase with t 2 ¼1000 h (93% of the reaction). In the presence of TPNjun, the anisotropy decay curve of ELRSRK*WAI ( Figure 5B ) was essentially unchanged and best described by biphasic kinetics with parameters similar to those obtained in the absence of TPNjun (Table I) : a fast phase with t 1 ¼ 2.4 h (5% of the reaction) and a slower phase with t 2 ¼ 2750 h (95% of the reaction). In contrast, TPNjun converted the dissociation pattern of FLRGRK*YGL ( Figure 5C ) to monophasic with t ¼ 9.6 h ( Table I) . From these data, it was determined that TPNjun accelerated the dissociation of FLRGRK*YGL by 104-fold. Thus, the effect of TPNjun toward FLRGRK*YGL is considerably more similar to its effect on the short-lived EIYK*RWIIL peptide than on ELRSRK*WAI. This lack of direct correlation between the intrinsic dissociation half-life of peptides and the magnitude of the rate enhancement factors was further examined with other peptides (Table I) . We identified the GLRSRK*WAI peptide as having a similar intrinsic kinetics stability as EIYK*RWIIL, but yet displaying a TPNjun sensitivity similar to that of the longer-lived GLRSRK*WAV peptide. Thus, results from dissociation experiments show that (1) peptides are differentially sensitive to the action of TPNjun and (2) the magnitude of TPN effect cannot be predicted simply from the intrinsic dissociation half-life of peptides. TPNjun (10 mg) and HLA-B*0801fos (10 mg) (1:1 molar ratio) were incubated as described in Figure 1A . Samples were analyzed on native gel (8%): lane 1, TPNjun; lane 2, peptide-filled HLA-B*0801fos; lane 3, peptide-deficient HLA-B*0801fos; lane 4, mixture of TPNjun and peptide-filled HLA-B*0801fos; lane 5, mixture of TPNjun and peptide-deficient HLA-B*0801fos; and lane 6, TPNjun/peptide-deficient HLA-B*0801fos complex incubated with an excess of FLRGRAYGL. The gel was run as described in Figure 1A .
To demonstrate that the kinetics effects observed in the tethered complexes arise from native interactions between TPN and HLA-B*0801, we monitored peptide release from HLA-B*0801fos carrying a T134K mutation in the absence or presence of TPNjun. Previous studies have reported that a T134K mutation in HLA-A2 and H-2L d abrogated interaction with class I assembly proteins (Peace-Brewer et al, 1996; Lewis and Elliott, 1998; Yu et al, 1999) . Results show that the anisotropy decay curve corresponding to dissociation of FLRGRK*YGL from HLA-B*0801(T134K)fos in the presence of TPNjun was identical to the profile obtained in the absence of TPNjun ( Figure 5D ). This is consistent with TPN losing its ability to associate with HLA-B*0801(T134K) in the zippered complex. The mutations of MHC residues E128A and E222K, known to abolish association with class I assembly proteins (Suh et al, 1999; Paquet and Williams, 2002) , were similarly tested and found to also inhibit the function of TPNjun (data not shown). Thus, these control experiments provide strong evidence that the effects of TPNjun on HLA-B*0801fos (Table I) result from specific interactions between TPN and HLA-B*0801. Finally, to demonstrate that the Jun/Fos linkage has no influence on interaction between TPN and HLA-B*0801, we monitored the release of EIYK*RWIIL from HLA-B*0801fos tethered to HLA-B*0801jun/ELRSRKWAI. Figure 1B : HLA-B*0801fos alone (40 nM) (J) and in the presence of TPNjun (400 nM) (K). Data points were collected at various time points over a period of 166 h (ÀTPN) or continuously for 60 h ( þ TPN). (B) As described in Figure 1B for ELRSRK*WAI: HLA-B*0801fos alone (40 nM) (J) and in the presence of TPNjun (400 nM) (K). Data points were collected at various time points over a period of 576 h. (C) As described in Figure 1B for FLRGRK*YGL: HLA-B*0801fos alone (40 nM) (J) and in the presence of TPNjun (400 nM) (K). Data points were collected at various time points over a period of 546 h (ÀTPN) or continuously for 89 h ( þ TPN). (D) Dissociation of FLRGRK*YGL from HLA-B*0801(T134K)fos (40 nM) in the absence (n) or presence (m) of TPNjun (400 nM) was monitored as described in Figure 1B . Data points were collected continuously for 60 h. (E) Dissociation of EIYK*RWIIL from HLA-B*0801fos (40 nM) in the presence of HLA-B*0801jun/ ELRSRKWAI (400 nM) (m) was monitored as described in Figure 1B . Data points were collected continuously for 60 h. The decay curves shown in (A) are included for comparison purposes.
Results show that the anisotropy decay curve corresponding to the release of EIYK*RWIIL in the presence of HLA-B*0801jun/ELRSRKWAI ( Figure 5E ) is markedly different from the profile obtained in the presence of TPNjun (panel A and reproduced in panel E). The decay curve is, instead, similar to that of HLA-B*0801fos/EIYK*RWIIL alone. This convincingly shows that the mere tethering of HLA-B*0801fos/EIYK*RWIIL to a Jun-fused protein has no consequence on the release of bound peptides. Thus, kinetics results obtained with TPNjun/HLA-B*0801fos complexes (Table I) are not artifacts of the Jun/Fos zipper.
Influence of TPNjun on peptide association kinetics
To examine if TPNjun also influenced the kinetics of peptide association onto peptide-deficient HLA-B*0801fos molecules, we monitored the binding of two relatively long-lived peptides: ELRSRK*WAI and FLRGRK*YGL (Figure 6 ). The anisotropy profiles of ELRSRK*WAI and FLRGRK*YGL obtained in the absence of TPNjun ( Figures 6A and B , respectively) were fitted to monophasic kinetics (Table II) : for ELRSRK*WAI, t ¼ 1019 s with an amplitude of 54; and for FLRGRK*YGL, t ¼ 447 s with an amplitude of 64. In the presence of TPNjun (Figure 6 ), the anisotropy profiles were best described by monophasic kinetics (Table II) : for ELRSRK*WAI, t ¼ 642 s with an amplitude of 81; and for FLRGRK*YGL, t ¼ 322 s with an amplitude of 76. Thus, results show that TPNjun increased the rates of association of both peptides. Results also show that the amplitudes of the binding reactions were increased in the presence of TPNjun (Table II) : for ELRSRK*WAI, the amplitude increased from 54 to 81 (57% increase); and for FLRGRK*YGL, the amplitude increased from 64 to 76 (19% increase). These effects are consistent with TPNjun increasing the concentration of active peptide-deficient HLA-B*0801fos molecules in solution.
Do conserved hydrogen bonds at the N-and C-terminal ends of the binding groove play a role in the mechanism of action of TPNjun? Because peptides have in common a NH 2 -and COOH-terminal group, it is possible that conserved hydrogen bonds at the N-and C-terminal ends of the groove may be an important feature of a TPN-assisted mechanism of peptide selection. This notion is reinforced by the critical contribution these conserved hydrogen bonds make to the overall stability of class I/peptide molecules (Bouvier and Wiley, 1994) . To examine this question, we designed peptides in which their NH 2 -and COOH-terminal groups were individually substituted by a CH 3 group as a way to abolish their hydrogenbonding potential through these groups (referred to as N del and C del , respectively). N del and C del are modified from the control GLRSRK*WAV peptide, which in turn is derived from ELRSRK*WAI (see Materials and methods). Anisotropy decay curves for GLRSRK*WAV, N del , and C del , were obtained in the absence or presence of TPNjun (Table I) . Results show that in the absence of TPNjun, a biphasic pattern best described the decay profiles. As expected, the intrinsic kinetics stability of GLRSRK*WAV (t 2 ¼ 231 h) is considerably higher than that of N del (t 2 ¼ 28.3 h) and C del (t 2 ¼ 6.8 min). Results in Table I also show that TPNjun converted the biphasic kinetics of these peptides into a monophasic pattern: GLRSRK*WAV (t ¼ 4.8 h), N del (t ¼ 0.6 h), and C del (t ¼ 0.4 min) with rate enhancement factors of 48, 47, and 17, respectively (Table I) . It is noteworthy that GLRSRK*WAV and N del are both similarly sensitive to the action of TPNjun in spite of their considerably different intrinsic dissociation half-lives. This suggests that TPNjun disrupted the same class I/peptide interactions to release GLRSRK*WAV and N del from HLA-B*0801fos. On the other hand, TPNjun accelerated the release of C del by only 17-fold (Table I ). This suggests that dissociation of C del from HLA-B*0801fos was less dependent on TPNjun than the control GLRSRK*WAV peptide. In the context of our findings with N del , the data thus indicate that disruption of conserved hydrogen bonds at the C-terminal end of the groove plays a role in the mechanism of action of TPNjun. A role for hydrogen bonds at the C-terminal end of the groove in the function of TPN has been hypothesized previously (Wright et al, 2004) .
A role for peptide sequence-dependent class I interactions in the mechanism of action of TPNjun That the release of C del was nonetheless accelerated by 17-fold by TPNjun (Table I) suggests that disruption of peptide sequence-dependent class I interactions plays a role in the mechanism of peptide selection under the action of TPNjun. A similar observation can also be made by comparing kinetics parameters of the TPjun-insensitive ELRSRK*WAI peptide with those of the closely related TPjun-sensitive GLRSRK*WAV peptide (REF ¼ 48) (Table I) ; both peptides differ at P1 and P9 only, but yet exhibit significantly different sensitivity to TPNjun. To examine this point, we used a mutational approach in which ELRSRK*WAI was mutated at P1 to Gly (GLRSRK*WAI) and at P9 to Val (ELRSRK*WAV). The release of mutant peptides from HLA-B*0801fos was monitored as described above. Results (Table I) show that GLRSRK*WAI is sensitive to TPNjun (R.E.F. ¼ 42), but ELRSRK*WAV is insensitive to TPNjun. Thus, an EP1G mutation in ELRSRK*WAI rendered the peptide sensitive to TPNjun, but the more conservative IP9V mutation did not alter sensitivity to TPNjun. The differential TPN sensitivity of the closely related ELRSRK*WAI and GLRSRK*WAV peptides is therefore due to differences at the P1 rather than the P9 position. On the basis of these results, and those with N del and C del , we suggest that class I/peptide interactions along the entire length of the groove are likely to influence sensitivity to TPNjun.
A direct TPNjun-assisted peptide exchange assay
As a 'proof-of-principle' that our findings are likely to have consequences on the peptide repertoire, we examined the effects of TPNjun on the dose-dependent binding of the TPNjun-sensitive EIYKRWIIL peptide to HLA-B*0801fos in the presence of the TPNjun-insensitive ELRSRK*WAI peptide. As the dissociation of EIYK*RWIIL from HLA-B*0801fos molecules was accelerated in the presence of TPNjun (Table I) , this suggests that it should be more difficult for EIYKRWIIL to compete for binding against ELRSRK*WAI in the presence of TPNjun. The IC 50 of EIYKRWIIL competing against ELRSRK*WAI should therefore increase in the presence of TPNjun. First, results (Table III) show that the IC 50 of the control ELRSRKWAI peptide decreased from 0.18 to 0.09 mM in the presence of TPNjun (two-fold decrease). An explanation for this result may be that the binding of fluorescent ELRSRK*WAI to HLA-B*0801fos leads to molecules that are somewhat less kinetically stable relative to those formed with nontagged ELRSRKWAI. On the other hand, the IC 50 of EIYKRWIIL increased from 0.19 to 1.13 mM (six-fold 
Discussion
Here we examined the molecular basis of TPN-mediated effects by undertaking an analysis of interactions in a soluble TPNjun/HLA-B*0801fos complex. An examination of the relative amplitudes of the fast and slow phases (Table I) indicates that C del is the only peptide for which dissociation occurred from the open form of HLA-B*0801fos to a significant degree (t 1 ¼0.8 min; 42% of the reaction). This means that the inability of C del to form conserved hydrogen bonds at the C-terminal end of the groove significantly hampered HLA-B*0801fos molecules to mature into a closed conformation. In contrast, the inability of N del to mediate conserved hydrogen bonds at the N-terminal end of the groove had essentially no effect on the propensity of HLA-B*0801fos to mature into a closed conformation, as evidenced by the second phase representing 95% of the reaction. An implication of these results is that the conformational equilibrium between peptide-filled, open and peptide-filled, closed (equilibrium A) is strongly dependent on the breaking/making of conserved hydrogen bonds at the C-terminal end of the groove. Importantly, that C del dissociated from somewhat more stable HLA-B*0801fos molecules (t 2 ¼ 6.8 min; 58% of the reaction) suggests that class I/peptide interactions other than the conserved C-terminal hydrogen bonds influence equilibrium A. Such interactions are likely to include peptide sequence-dependent class I interactions along the groove, as presented above with mutant peptides.
Mechanism of class I assembly/disassembly
Previous studies showed that peptide-deficient class I molecules undergo an equilibrium between an inactive and active state (equilibrium B) that involves conformational changes (Gakamsky et al, 2000) . The inactive state of peptide-deficient molecules is likely to represent molecules in which the binding groove is closed due to interactions between MHC residues and bound water molecules; crystallographic structures of class I/peptide molecules have indeed revealed bound water molecules in the groove (Ogata and Wodak, 2002) . In that sense, equilibrium B between peptide-deficient, closed and peptide-deficient, open conformations is akin to equilibrium A between peptide-filled, closed and peptidefilled, open conformations, as pointed to previously (Khan et al, 2000) .
TPNjun increases the rate of peptide dissociation by conformationally disrupting the binding groove of class I molecules
Results from kinetics dissociation experiments (Table I) revealed that TPNjun converted the dissociation process from biphasic to monophasic for all TPNjun-sensitive peptides. This indicates that TPNjun generated a conformationally homogeneous population of peptide-filled HLA-B*0801fos molecules in solution. Results also show that TPNjun increased the dissociation rates of all TPNjun-sensitive peptides (Table I) . Importantly, the magnitude of peptide dissociation rates obtained in the presence of TPNjun are considerably more similar to the intrinsic rates of the open (t 1 ) than the closed (t 2 ) forms of HLA-B*0801fos. This suggests that peptide-filled class I molecules associated with TPNjun adopt an open, rather than a closed, conformation. Equally important, because TPNjun-assisted peptide dissociation rates are slightly faster than the intrinsic rates of the open form of HLA-B*0801fos (Table I) , it can be concluded that peptidefilled class I molecules associated with TPNjun possess an even more widely open binding groove. Taken together, it is the ability of TPNjun to form a complex with the open conformation of peptide-filled molecules, and to widen the binding groove, that causes bound peptides to dissociate faster in the presence of TPNjun. Our data suggest that these effects are likely to be directly mediated through disruption of the C-terminally localized conserved hydrogen bonds in the groove, but also involve peptide sequencedependent class I interactions along the groove.
TPNjun increases the rate of peptide association and acts as a chaperone
Results from kinetics association experiments revealed that TPNjun increased the ratio of active-to-inactive peptide-deficient molecules in solution (Table I) . Although we did not investigate how TPNjun affected the conversion between the inactive and active states (forward or reverse reaction), it is reasonable to suggest that TPNjun associates with the open (active) conformation of peptide-deficient molecules in a way that is similar to its association with the peptide-filled, open conformation. This association is likely to prevent class I molecules to become inactive, much like the effect exerted by chaperones on conformationally immature proteins. Consistent with this, previous studies have suggested that TPN stabilizes immature class I molecules in the ER (Ortmann et al, 1997; Schoenhals et al, 1999; Barnden et al, 2000) . It is also reasonable to propose that the association of TPNjun with peptide-deficient, open class I molecules causes a widening of the binding groove, as discussed above for peptide-filled, open molecules. Therefore, it is the effect of TPNjun on stabilizing peptide-deficient, open class I molecules together with its ability to widen the groove of class I molecules that causes peptides to bind more rapidly in the presence of TPNjun (note that a TPNjun-mediated increase in the ratio of active-to-inactive peptide-deficient molecules also contributes to increasing the rate of peptide association, under pseudo-first-order conditions).
A TPN-assisted mechanism of peptide selection
We propose that the assembly/disassembly mechanism of class I/peptide molecules in the presence of full-length TPN is altered as follows:
Scheme II How may this mechanism explain the ability of TPN to influence the cell-surface presentation of antigenic peptides? First, we suggest that the ability of TPN to widen the binding groove of class I molecules in the TPN[HC Á b 2 m] act* complex is likely to diminish the specificity of the groove toward peptides. This means that a greater variety of peptides in terms of intrinsic dissociation half-lives, sequences, lengths, etc. can be captured in the initial binding step. To progress along the assembly pathway, bound candidate peptides establish sequence-independent and sequence-dependent interactions with class I molecules. This dynamic process is accompanied by conformational changes in various regions of the groove. It is such peptide-induced conformational changes that disengage TPN from the initial TPN[HC Á b 2 m Á p] open* complex. These peptide-induced maturation events shift the equilibria E and A toward the closed form of peptide-filled molecules. In contrast, bound candidate peptides in the initial TPN[HC Á b 2 m Á p] open* complex that are unable to induce maturing conformational changes in the binding groove of class I molecules, owing to their inability to establish energetically stabilizing interactions with MHC residues, will not as easily disengage TPN. Such peptides will eventually dissociate from the TPN[HC Á b 2 m Á p] open* complex allowing other peptides to be loaded into the groove. This dynamic peptide selection process under the action of TPN will continue until a peptide capable of conformationally disengaging TPN is captured. Thus, we suggest that TPN stabilizes the open forms of class I molecules and serves as an energy barrier that bound candidate peptides need to overcome for the productive assembly of mature class I/peptide molecules.
That alleles such as HLA-B*2705 and HLA-B*4405 show reduced TPN dependencies (Peh et al, 1998; Williams et al, 2002; Park et al, 2003; Zernich et al, 2004) implies that these alleles can mature through a pathway that bypasses equilibria D and E (Scheme II). This in turn implies that the open forms of HLA-B*2705 and HLA-B*4405 molecules possess a binding groove that is intrinsically more stable relative to the more TPN-dependent alleles. An increased stability could be achieved, for example, through increased intrinsic conformational maturity in the groove. As a consequence, it is expected that the open forms of peptide-deficient HLA-B*2705 and HLA-B*4405 molecules show more specificity in the initial capture of peptides relative to TPN-dependent alleles, which we suggested above to be more permissive in their initial selection of peptides. In other words, it is possible that allelespecific TPN dependencies may be rooted in differences in intrinsic conformational maturity. Although this remains to be examined experimentally, a role for MHC residues 114 and 116 Park et al, 2003; Zernich et al, 2004) may be of consideration in influencing the intrinsic conformational maturity of class I binding groove.
Conclusions
TPN exerts two critical functions in the class I assembly complex Data presented here are consistent with TPN exerting two critical functions in the class I assembly complex: (1) TPN permits the initial binding of a more diversified pool of candidate peptides; and (2) the presence of TPN in the initial assembly complex ensures that bound candidate peptides that cannot meet a certain minimum-energy threshold, as needed to conformationally disengage TPN, are excluded from the repertoire. The second function of TPN dampens the more permissive effects of the first function. The net outcome of a TPN-assisted mechanism of peptide selection is to maximize at any point in time, and according to the pool of peptides available in the ER, the diversity of minimally stable class I/peptide molecules presented at the cell surface. This effect in turn permits individuals to recruit a broader range of CD8 þ T cells for protective immune responses against pathogens. Under such a selection process, class I/peptide molecules with higher or lower overall kinetics stability, relative to molecules formed in the absence of TPN, can be presented at the cell surface, as pointed to previously (Zarling et al, 2003) . Overall, the presentation of antigenic peptides to CD8 þ T cells under the action of TPN is the result of a mechanistically complicated selection process that cannot be directly correlated with the intrinsic dissociation half-life of peptides. This is reminiscent of the way in which HLA-DM influences peptide selection by class II molecules (Chou and Sadegh-Nasseri, 2000; Belmares et al, 2002) .
Materials and methods
Expression and purification of TPNjun
The cDNA encoding the ER-lumenal domain (residues 1-392) of TPN was generated by PCR from a previously described plasmid (Chen et al, 2002) using as forward primer (5 0 -GGATCCTAT AAATATGAAGTCCCTGTCTCTG-3 0 ) and as reverse primer (5 0 -CGCGGAACCAGACCGCCGGAACCTCCGTCCTCAAGGGAGGG-3 0 ) encoding a short linker (GGSGG; in bold). The cDNA encoding the Jun peptide was obtained by PCR from a previously described plasmid (Kalandadze et al, 1996) (a gift of Dr K Wucherpfennig) using as forward primer (5 0 -GGCGGTCTGGTTCCGCGTGGCTCGCGCATCGC CCGGCTCGAG-3 0 ) encoding a thrombin site (LVPRGS; in bold) and as reverse primer (5 0 -GTCGACCTAGTGGTGATGGTGATGATG GTTCATGACTTT-3 0 ) including a (His) 6 tag sequence (in bold). The cDNAs encoding the engineered ER-lumenal domain of TPN and Jun peptide were linked together through an overlapping region (italicized) to generate the complete cDNA of TPNjun, which was then ligated into the pFastBac-1 vector (Invitrogen). Production of the TPNjun baculovirus expression vector and purification of the recombinant protein were carried out as described previously (Chen et al, 2002) .
Expression and purification of HLA-B*0801fos heavy chain
The cDNA encoding the ER-lumenal domain of HLA-B*0801 heavy chain (residues 1-275), extended by the linker (GGSGG) at its 3 0 -end, was generated based on the plasmid pGM-T7 encoding HLA-B*0801 heavy chain (a gift of Dr Y Jones). The cDNA encoding the Fos peptide, extended by a thrombin site at its 5 0 -end, was generated from a previously described plasmid (Kalandadze et al, 1996) (a gift of Dr K Wucherpfennig). These two cDNAs were linked together to generate the complete cDNA of HLA-B*0801fos heavy chain, which was ligated into the pGM-T7 vector. Mutants of HLA-B*0801fos heavy chains were generated by PCR using the QuickChange sitedirected mutagenesis approach (Stratagene). Plasmids harboring the correct DNA sequences were transformed into BL21(DE3)pLysS cells. Protein expression was induced with IPTG. Inclusion bodies of HLA-B*0801fos heavy chain (or mutants) were isolated from cell pellets, washed, and solubilized (Bouvier and Wiley, 1998) .
In vitro assembly of peptide-filled and peptide-deficient HLA-B*0801fos molecules Peptide-filled HLA-B*0801fos molecules were reconstituted as described previously (Bouvier and Wiley, 1998) . These molecules were purified on a Superdex 200 HR 10/30 column in 20 mM Tris and 150 mM NaCl (pH 7.5). Peptide-deficient HLA-B*0801fos molecules were assembled from the denaturation of peptide-filled molecules (Bouvier and Wiley, 1998) . Peptide-deficient HLA-B*0801fos molecules were purified by gel filtration chromatography; fractions were supplemented with glycerol (to 15%).
Native gel band-shift assay Samples of TPNjun (or TPN) (10 mg) and HLA-B*0801fos molecules (or HLA-B*0801) (10 mg) (1:1 molar ratio) were incubated on ice in 20 mM Tris, 150 mM NaCl, and 10% glycerol (pH 7.5) for 30 min followed by the addition of native gel loading buffer (50 mM Tris, 0.1% bromophenol blue, 10% glycerol (pH 6.8)). Mixtures were assayed on native PAGE gel (8%) at 41C in 25 mM Tris and 200 mM glycine (pH 8.3). Proteins were visualized with Coomassie blue staining.
Fluorescence anisotropy
Dissociation kinetics was measured by fluorescence anisotropy using an Aminco-Bowman 2 spectrofluorometer (Thermo Electron Co.). The excitation wavelength was 495 nm and polarization was detected at 524 nm. Association kinetics was measured by fluorescence anisotropy using an SX.18 MV stopped-flow spectrofluorometer (Applied Photophysics). The excitation light was 495 nm and the wavelength for emission was 510 nm. Experiments were carried out at 201C in 20 mM Hepes and 150 mM NaCl (pH 7.5). Anisotropy data were processed by the software KaleidaGraph 4.0.1 (Synergy Software); plots of residuals were visibly examined.
Dissociation kinetics
Peptide dissociation kinetics experiments were initiated by adding under stirring HLA-B*0801fos molecules (or HLA-B*0801) (40 nM), loaded with a tagged peptide, into the buffer containing nontagged peptide (40 mM) (to block the rebinding of dissociated tagged peptide) and b 2 m (4 mM) (to avoid complications due to dissociation of b 2 m) in the absence or presence of TPNjun (or in the presence of TPN or HLA-B*0801jun) (400 nM). Given that the equilibrium dissociation constant, K d , of Jun/Fos interaction is 54 nM (Kohler and Schepartz, 2001) , it is expected that 87% of HLA-B*0801fos molecules are engaged in TPNjun/HLA-B*0801fos complexes in our assay. Also, note that the K d of Jun/Jun homodimerization is estimated to be B600 nM (Kohler and Schepartz, 2001) . It is thus expected that less than 42 nM TPNjun/TPNjun dimer forms at a total TPNjun concentration of 400 nM, leaving the majority of TPNjun available for interaction with HLA-B*0801fos. The effect of TPNjun homodimerization on the concentration of heterodimer is accounted for in f tpn (see below) and does not affect the kinetic parameters presented in Tables I and  II . For each peptide, 3-5 independent experiments were carried out using different preparations of class I/peptide molecules and TPNjun (or TPN). For experiments carried out in the absence of TPNjun, the observed averaged intrinsic anisotropy data were fitted to an exponential decay function of the form y(t) int ¼ y 0 int þ P i (A i exp(Àk i t)), where y 0 int is the baseline offset, the summation is over the number of phases i, A i and k i (k i ¼ 0.693/t i ) are the amplitude and rate constant for phase i, respectively, and t is time. For experiments carried out in the presence of TPNjun, the averaged observed anisotropy data were fitted to an exponential decay function described by the sum of TPNjun-dependent (tpn) and intrinsic dissociation data: y(t) tpn ¼ y 0 tpn þ f tpn P i (A i exp(Àk i t)) þ ((1Àf tpn )(y(t) int Ày 0 int )), where f tpn represents the fraction of dissociation reaction under the action of TPNjun, y(t) int is the intrinsic decay function of the corresponding class I/peptide molecule as computed above and other parameters are as described above. The dissociation rate enhancement factor is defined as t(intrinsic; slow phase)/t(TPNjun).
Association kinetics
Peptide association experiments were initiated by mixing automatically equal volumes (125 ml) from chamber A containing peptide-deficient HLA-B*0801fos molecules (or HLA-B*0801) (active concentration of 800 nM) and b 2 m (80 mM), and from chamber B containing a tagged peptide (160 nM) with or without TPNjun (or TPN) (1200 nM). Polarized emission signals of 10 experiments were averaged. For experiments carried out in the absence of TPNjun, the averaged observed intrinsic anisotropy data were fitted to an exponential function of the form y(t) int ¼ y 0 int þ P i (A i (1Àexp(Àk i t))), where parameters are as defined above. For experiments carried out in the presence of TPNjun, the averaged observed anisotropy data were fitted to an exponential function described by the sum of TPNjun-dependent (tpn) and intrinsic association data: y(t) tpn ¼ y 0 tpn þ f tpn P i (A i (1Àexp(Àk i t))) þ ((1Àf tpn )(y(t) int Ày 0int )), where f tpn represents the fraction of dissociation reaction under the action of TPNjun and other parameters are as described above.
Activity of peptide-deficient HLA-B*0801fos molecules
Peptide-deficient HLA-B*0801fos molecules (or HLA-B*0801) (150 nM) were incubated with b 2 m (15 mM) and different concentrations of ELRSRK*WAI under identical conditions as those of association kinetics experiments. After 20 h, the anisotropy value for each mixture was measured. The observed anisotropy values, r, are described by the equation r ¼ (f b r b ) þ (f f r f ), where f b is the fraction of bound ELRSRK*WAI, r b is the maximum anisotropy value corresponding to bound ELRSRK*WAI, f f is the faction of free ELRSRK*WAI, and r f is the minimum anisotropy value corresponding to free ELRSRK*WAI. The values of r b and r f were determined in separate experiments. As f b þ f f ¼ 1, the fraction of bound peptides, f b , was calculated from the observed anisotropy value of each reaction. Values of f b were used to determine the concentration of bound, C b , and free, C f , peptides. A Schatchard plot, C b /C f versus C b , was produced and fitted to the linear function C b /C f ¼ À(1/ K d )C b þ (C act /K d ), from which the concentration of active peptidedeficient molecules, C act , and K d were derived. The activity of peptide-deficient molecules was calculated as % activity ¼ (C act / C T ) Á 100, where C T , the total concentration of peptide-deficient molecules, was 150 nM.
Determination of IC 50 values
Peptide-deficient HLA-B*0801fos molecules (100 nM in the absence of TPNjun and only 30 nM in the presence of TPNjun owing to the effect of TPNjun on increasing the concentration of active peptidedeficient HLA-B*0801fos molecules in solution) were incubated with the control ELRSRK*WAI peptide (100 nM) and different doses of EIYKRWIIL (0-10 mM) together with an excess of b 2 m (1 mM) in the absence or presence of TPNjun (100 nM). After 20 h, the anisotropy value of each reaction was measured. Inhibition was calculated from observed anisotropy signals in the absence, r o , and presence, r, of the competitor EIYKRWIIL peptide: % inhibition ¼ (r o Àr)/(r o Àr f ) Á 100, where r f , the minimum anisotropy signal corresponding to free ELRSRK*WAI, was measured separately. The concentration of competitor peptide required to measure 50% inhibition of the binding of ELRSRK*WAI represents IC 50 .
Peptides
Fluorescein-derivatized lysine residues (K*) were introduced at position 4 or 6 in EIYK*RWIIL, ELRSRK*WAI, FLRGRK*YGL, GLRSRK*WAI, GLRSRK*WAV, DPKVKK*WPL, and ELRSRK*WAV. This involved a YP6K* mutation in ELRSRK*WAI, GLRSRK*WAI, GLRSRK*WAV, and ELRSRK*WAV; a AP6K* mutation in FLRGRK*YGL; and a QP6K in DPKVKK*WPL. Peptides were synthesized and purified at Tufts University. N del and C del are derived from GLRSRK*WAV in which EP1G and IP9V mutations were introduced to facilitate syntheses: N del , (CH 3 -CH 2 -CO)-LRSRK*WAV and C del , GLRSRK*WA-(NH-CH(CH 3 )CH(CH 3 ) 2 ) (note that C del retains the side chain of Val at P9). N del and C del were synthesized and purified by AnaSpec.
